We examine the evolution of the relation between stellar mass surface density, velocity dispersion and half-light radius−the stellar mass fundamental plane−for quiescent galaxies at z < 0.6. We measure the local relation from galaxies in the Sloan Digital Sky Survey and the intermediate redshift relation from ∼ 500 quiescent galaxies with stellar masses 10 log(M * /M ⊙ ) 11.5. Nearly half of the quiescent galaxies in our intermediate redshift sample are compact. After accounting for important selection and systematic effects, the velocity dispersion distribution of galaxies at intermediate redshifts is similar to galaxies in the local universe. Galaxies at z < 0.6 appear to be smaller ( 0.1 dex) than galaxies in the local sample. The orientation of the stellar mass fundamental plane is independent of redshift for massive quiescent galaxies at z < 0.6 and the zero-point evolves by ∼ 0.04 dex. Compact quiescent galaxies fall on the same relation as the extended objects. We confirm that compact quiescent galaxies are the tail of the size and mass distribution of the normal quiescent galaxy population.
INTRODUCTION
In the ΛCDM paradigm, galaxies form as gas cools and condenses on to dark matter halos. As far as we know, the baryons which compose the observable parts of galaxies are influenced by dark matter only through gravitational interactions. Thus, observations of the structural and dynamical properties of galaxies are important for constraining the physical processes governing galaxy formation and evolution.
Stellar velocity dispersion is an observable property directly connecting the baryonic content of galaxies to the unobservable dark matter halos (Wake et al. 2012; Schechter 2015) . Using the virial theorem, the velocity dispersion can be combined with galaxy size to yield an estimate of the dynamical mass (e.g. Cappellari et al. 2006) ; the dynamical mass is proportional to the total mass of the system (Bolton et al. 2008) . The dynamical mass is also correlated with the baryonic content of galaxies which is proportional to the luminosity and/or stellar mass.
Quiescent galaxies in the local universe exhibit a tight relation between size, velocity dispersion and surface brightness/stellar mass surface density (Djorgovski & Davis 1987; Dressler et al. 1987; Bernardi et al. 2003; Hyde & Bernardi 2009; Saulder et al. 2013) .
This relation extends across a broad range of early-type galaxies in the local universe (Misgeld & Hilker 2011) .
The relation, described by the so-called fundamental plane (FP) , reflects the virial equilibrium of galaxies. The FP evolves with redshift (Treu et al. 2005; van Dokkum & van der Marel 2007; Holden et al. 2010; Saglia et al. 2010; van de Sande et al. 2014; Zahid et al. 2015) ; this evolution is attributed mainly to evolution in the mass-to-light (M/L) ratio of galaxies. Replacing the surface brightness with stellar mass surface density yields a stellar mass fundamental plane (MFP). Because stellar mass estimates ostensibly account for M/L ratio variations, changes in the MFP should trace evolution of the structural or dynamical properties of galaxies. Very little evolution in the MFP is observed out to z ∼ 2 (Bezanson et al. 2013 ). This conclusion is based on a small number of observations because of the difficulty in obtaining the high signal-to-noise spectroscopy required for measuring velocity dispersion.
The FP is a tool for studying the evolution of galaxies. Zahid et al. (2015, Z15 hereafter) examine the FP of quiescent galaxies with imaging from the Hubble Space Telescope (HST) and spectroscopy from the Sloan Digital Sky Survey (SDSS) out to z ∼ 0.8. The SDSS sample is strongly biased towards the highest surface brightness objects and thus a majority of the galaxies in the sample are compact, i.e. they are several times smaller than typical quiescent galaxies at a fixed stellar mass. These galaxies are offset from the local FP but passive evolution alone is enough to bring them onto the local relation by z ∼ 0. Thus, the FP is a constraint on the evolution of the structural and dynamical properties of compact galaxies; these objects remain on the relation as they evolve.
Studies based on the SDSS suggest that the number density of compact quiescent galaxies declines significantly at z < 1 (Trujillo et al. 2009; Taylor et al. 2010) and the average size of quiescent galaxies increases as the universe evolves (Daddi et al. 2005; Toft et al. 2007; Trujillo et al. 2007; Zirm et al. 2007; Buitrago et al. 2008; van Dokkum et al. 2008; Damjanov et al. 2011; Newman et al. 2012; Cassata et al. 2013; van der Wel et al. 2014) . Based on these observations, several growth scenarios have been proposed for the compact galaxy population (e.g., Khochfar & Silk 2006; Fan et al. 2008; Naab et al. 2009 ). However, in contrast to early estimates based on SDSS, studies of high density regions in the local universe (Valentinuzzi et al. 2010; Poggianti et al. 2013) and recent measurements at intermediate redshift (Carollo et al. 2013; Damjanov et al. 2014 Damjanov et al. , 2015a show that the number density of compact quiescent galaxies does not evolve significantly at z < 1. To maintain an approximately constant number density of compact galaxies at z < 1 as recent studies suggest either 1) compact galaxies do not grow at z < 1 and the larger average size measured for quiescent galaxies in the local universe is solely a result of the addition of new, large galaxies into the quiescent galaxy population, i.e. progenitor bias (e.g., Carollo et al. 2013) , or 2) that growth in the quiescent compact galaxy population is balanced by new compact galaxies forming at z < 1.
Here we extend the work of Z15 using new measurements based on observations obtained using Hectospec on the MMT. We measure the structural and dynamical properties of galaxies in the COSMOS field and examine the evolution of the MFP of quiescent galaxies at z < 0.6. A large fraction of these galaxies are compact. In Section 2 we describe the data and methods. In Section 3 we address selection and systematic effects and Section 4 contains our derivation of the stellar mass fundamental plane. We discuss our results in Section 5 and conclude in Section 6. Throughout we assume the standard cos-
, AB magnitudes and a Chabrier (2003) IMF.
DATA AND METHODS

Observations
We derive the MFP from a sample of local galaxies taken from the Sloan Digital Sky Survey (SDSS; Alam et al. 2015) . We restrict our sample to the SDSS Legacy Survey which includes spectroscopy of ∼ 900, 000 galaxies with r < 17.8 (York et al. 2000) . The nominal spectral range of the observations is 3800 − 9200Å and the spectral resolution is R ∼ 1500 at 5000Å (Smee et al. 2013) . Five bands of optical photometry (ugriz) are available for the whole spectroscopic sample (Doi et al. 2010) . Throughout this work, we use the c-model AB magnitudes.
We examine the redshift evolution of the MFP using data from the 1.6 deg 2 COSMOS 1 field (Scoville et al. 2007) . We have conducted a redshift survey of the field (Damjanov et al. 2015b, Damjanov et al., In Prep) using Hectospec on the MMT to observe ∼ 2500 objects selected from the UltraVISTA catalog 2 of Muzzin et al. (2013) . The survey is designed to observe early-type galaxies efficiently. Our targets are color selected (g − r > 0.8, r − i > 0.2) in the magnitude range 17.8 < r < 21.3. The color selection is sufficiently broad to completely target the quiescent galaxy population (see Damjanov et al. 2015b ). The bright limit of our survey is the SDSS magnitude limit. The nominal spectral range of our observations is 3700 − 9150Å and the spectral resolution is R ∼ 1000 at 5000Å. We adopt the ugriz−band photometry given in the Muzzin et al. (2013) catalog. We refer to these data as the hCOSMOS sample 3 .
1 http://cosmos.astro.caltech.edu/ 2 http://www.strw.leidenuniv.nl/galaxyevolution/ULTRAVISTA/ Ultravista/K-selected.html 3 A small subset of the galaxies in the hCOSMOS sample are
Our typical integration time was ∼ 1h and the data were obtained under variable conditions in February and April of 2015. We measured 2096 new redshifts in the COSMOS field at 0.1 z 0.6 (Damjanov et al., In Prep) . We can extract velocity dispersion for only a subset of our observations; this measurement requires higher signal-to-noise (S/N) spectroscopy than measurements of redshift. We measure velocity dispersion at a S/N > 3 and a reduced χ 2 < 2 for ∼ 800 galaxies in the sample. The typical S/N per resolution element is ∼ 7 at 5000Å for the subset of the sample for which we are able to reliably measure velocity dispersion.
We identify quiescent galaxies based on broad-band colors and the D n 4000 index (see below). Balogh et al. (1999) define D n 4000 as the ratio of the flux in two windows adjacent to the 4000Å break. The D n 4000 index is sensitive to age of the stellar population and shows a clear bimodal distribution which separates the star-forming and quiescent galaxy population out to intermediate redshifts (Kauffmann et al. 2003; Geller et al. 2014) .
Various definitions for compactness can be found in the literature. We use the Barro et al. (2013) classification for compactness
Here, R e is the circularized half-light radius measured in kpc and M * is the stellar mass measured in solar mass units. We only classify galaxies with HST imaging (hCOSMOS sample) using this compactness criteria. Based on this classification, 45% (228/509) of the galaxies in our selected sample of quiescent objects with velocity dispersions are compact.
Methods
Stellar Masses
We measure stellar masses for the SDSS and hCOS-MOS sample using the LePHARE 4 spectral energy distribution (SED) fitting code (Arnouts et al. 1999; Ilbert et al. 2006) . LePHARE calculates the mass-tolight ratio by fitting synthetic SEDs to observed photometry. We use the stellar population synthesis models of Bruzual & Charlot (2003) . The models have two metallicities. Synthetic SEDs are generated by varying the star formation history, age, and extinction of the stellar population. The star formation histories are exponentially declining (∝ e −t/τ ) with e-folding times (τ ) ranging between 0.1 and 30 Gyr. We adopt the Calzetti et al. (2000) extinction law with E(B −V ) ranging from 0−0.6 and the Chabrier (2003) initial mass function. We take the median of the stellar mass distribution as our estimate of the stellar mass. We also generate absolute, k−corrected ugriz magnitudes by convolving the filter functions with the best-fit SED.
Sizes
Sizes of hCOSMOS galaxies are measured by Sargent et al. (2007, S07 hereafter) from Hubble Space Telescope (HST) imaging of the COSMOS field from SDSS because we chose not to observe galaxies in the COS-MOS field brighter than the SDSS magnitude limit.
4 http://www.cfht.hawaii.edu/∼arnouts/LEPHARE/lephare.html ( Koekemoer et al. 2007 ). The images are taken with the Advanced Camera for Surveys (ACS) using F814W filter. S07 fit the two-dimensional surface brightness profile with a single Sersic (1968) profile using GIM2d (Simard et al. 2002) . The half-light radius and Sersic index are free parameters of the model. The HST observations have a resolution < 0 ′′ .1 (Koekemoer et al. 2007 ). The mean angular half-light radius, r e , of galaxies in the hCOSMOS sample is 0 ′′ .8 and 99% of galaxies in the sample have half-light radii 0
′′
.25. The minimum measurable size for SDSS galaxies is limited by the typical seeing of > 1 ′′ .2 (Stoughton et al. 2002) . This corresponds to the minimum diameter, limiting the minimum effective radius to half this value. SDSS sizes have been measured using several different procedures. Thus, the hCOSMOS sizes based on HST imaging may differ systematically from SDSS sizes. The COS-MOS field overlaps the SDSS footprint. Half-light radii measured by S07 from HST imaging are available for ∼ 150 galaxies in the SDSS photometric catalog. In Figure 1 we compare two independent measurements of halflight radius based on SDSS imaging with measurements from S07. Figure 1A shows size measurements taken from the NYU value added catalog (Blanton et al. 2005b; Padmanabhan et al. 2008) . These measurements 5 are based on Sersic profile fits where the index is a free parameter; similar to the approach used by S07 for measuring sizes based on HST imaging. The NYU size estimates are systematically larger by 0.071 dex but show no significant trend with size for the range of sizes compared in Figure 1A . The systematic offset may be due to the poorer seeing of the SDSS ground based photometric data and/or to the methodology used to measure sizes. Figure 1B shows measurements based on de Vaucouleurs profile fits 6 (Stoughton et al. 2002) used in several stud-5 These are designated as SERSIC R50 in the catalog. 6 These are designated THETA DEV in the SDSS photoObj output.
ies of the FP of SDSS galaxies (e.g., Bernardi et al. 2003; Hyde & Bernardi 2009 ). The half-light radii measured from HST imaging by S07 are clearly more consistent with the half-light radii measured by the NYU group ( Figure 1A ) as is expected since the procedure for these two measurements is very similar. Thus, we adopt the NYU r−band measurements as the half-light radii for the SDSS sample but subtract 0.071 dex to account for the systematic offset. Based on our comparison we adopt a fiducial uncertainty of 0.1 dex for the NYU size measurements. This correction does not significantly effect our results.
Galaxy sizes depend on the observed wavelength. van der Wel et al. (2014) find that for early-type galaxies, the change in size as a function of wavelength is given by ∆log(R)/∆logλ = -0.25 where R is radius and λ is wavelength. Because we examine a large redshift range, we correct all galaxy sizes to rest-frame 6030Å using the relation derived by van der Wel et al. (2014) . This restframe wavelength corresponds to the effective rest-frame wavelength of the HST ACS F814W filter at the median redshift of the hCOSMOS sample (z = 0.35).
Measurements of the half-light radii by S07 are reported as the semi-major half-light radius. We convert this to a circularized half-light radius by multiplying the semi-major half light radius by b/a where a and b are the semi-major and semi-minor axis, respectively. The NYU sizes are inherently circularized by their measurement procedure (see appendix of Blanton et al. 2005a) .
The median correction for wavelength dependent size is −0.004 dex for the SDSS sample. The median correction for wavelength dependent size and circularization is -0.08 dex for the hCOSMOS sample. We convert the circularized half-light radius measured in arc seconds to a physical half-light radius, R e , measured in kpc using the relation between angular diameter distance and redshift.
We calculate the stellar mass surface density
in units of M ⊙ kpc −2 . Here, M * is the stellar mass and we assume that R e contains half of of the stellar mass. This assumption may not strictly be true due to potential M/L ratio gradients.
Velocity Dispersions
The stellar velocity dispersion of SDSS galaxies are measured by Thomas et al. (2013) using the Penalized PiXel Fitting (pPXF Cappellari & Emsellem 2004) and Gas and Absorption Line Fitting (GANDALF Sarzi et al. 2006) codes. The stellar population and emission line templates are simultaneously fit to the observed spectrum. The stellar line-of-sight velocity dispersion is fit in pixel space using pPXF and the Maraston & Strömbäck (2011) stellar population models matched to the SDSS resolution. The spectral resolution, redshift of targets and the S/N of the observations sets the minimum velocity dispersion that can be reliably measured. For SDSS this typically corresponds to ∼ 60 km s −1 (Thomas et al. 2013 ) We measure the hCOSMOS velocity dispersions using the University of Lyon Spectroscopic analysis Software 7 (ULySS; Koleva et al. 2009 ). Single age stellar population models calculated with the PEGASE-HR code (Le Borgne et al. 2004 ) and the MILES stellar library (Sánchez-Blázquez et al. 2006 ) are used to fit the observed spectrum. Our sample selection criterion of D n 4000 < 1.5 (see Section 3.1) effectively removes emission line galaxies from the sample (Woods et al. 2010 ). The spectral fits are limited to 4100 − 5500Å restframe wavelengths. This spectral range yields the smallest velocity dispersion errors and the most stable results (Fabricant et al. 2013) . This spectral range is accessible with Hectospec throughout the redshift range spanned by the hCOSMOS data. Based on the measured line spread function, models are convolved to the wavelength dependent spectral resolution of the Hectospec data (Fabricant et al. 2013 ). The models are parameterized by age and metallicity and are convolved with the line-of-sight velocity dispersion. The best-fit age, metallicity and velocity dispersion are determined by χ 2 minimization. Given the redshift and S/N of our observations and the slightly lower resolution of Hectospec, we empirically determine that velocity dispersions are typically reliable down to ∼ 90 km s −1 . Details of the velocity dispersions measurements with Hectospec and systematic issues related to the measurement are discussed in Fabricant et al. (2013) .
The velocity dispersion varies with aperture size. Cappellari et al. (2006) find
where σ 1 and σ 2 are velocity dispersions measured in apertures of radii r 1 and r 2 , respectively. The fiber apertures for Hectospec and SDSS are 0
′′
.75 and 1
.5, respectively. We correct the measured velocity dispersion to the effective angular radius, r e , using Equation 3. The median correction is 0.003 and 0.005 dex for the SDSS and hCOSMOS samples, respectively.
7 http://ulyss.univ-lyon1.fr/ To assess systematic uncertainties in the determination of velocity dispersions, we compare measurements made with Hectospec to SDSS measurements (Thomas et al. 2013) . The SHELS F2 survey is a highly complete redshift survey of four deg 2 conducted with Hectospec (Geller et al. 2005 . The survey overlaps with the SDSS footprint and several hundred galaxies are observed in both surveys (see also Fabricant et al. 2013 ). We identify galaxies in the SHELS F2 field that are also observed by the SDSS. Velocity dispersions for the SHELS F2 and SDSS galaxies are measured using the procedures for Hectospec data and SDSS outlined above, respectively. We directly compare the two measurements to assess systematic differences in the determination of velocity dispersions. Figure 2 shows the comparison of the velocity dispersion measured for the same objects by the two different instruments and procedures. Prior to making the comparison, a small correction is applied to account for the differing fiber apertures (Fabricant et al. 2013 , see Equation 3). We fit a line to the relation between the two measurements using the fitexy.pro routine in IDL. This fit accounts for errors in both coordinates. The best fit relation is
The fit demonstrates that the two measurements are relatively consistent and systematically offset by 2.7 km s −1 . We subtract 2.7 km s −1 from the SDSS velocity dispersion measurements. The root-mean-square (RMS) dispersion of the two measurements is 26 km s −1 and the intrinsic uncertainty (accounting for observational uncertainty in both measurements) is 16 km s −1 (c.f., Fabricant et al. 2013 ). The 2.7 km s −1 correction is significantly smaller than the intrinsic uncertainty; this small correction to velocity dispersion does not affect any of our results.
DATA SELECTION AND SYSTEMATICS
Our aims are to quantify evolution in the structural and kinematic properties of quiescent galaxies using the MFP and to compare these properties for the compact and extended quiescent galaxy population.
In this section we address two key issues prior to deriving the MFP:
1. Structural and kinematic properties of galaxies are correlated with various observational selection effects. Thus, selection effects may introduce bias and spurious trends with redshift 2. Differences in the distributions of velocity dispersions and sizes may result from differences in the error distributions and systematic limitations in the sensitivity of the measurements. The hCOSMOS spectroscopy can only reliably probe down to ∼ 90 km s −1 whereas the SDSS observations are typically reliable down to ∼ 60 km s −1 . The SDSS photometry is seeing limited typically at ∼ 1 ′′ .2 whereas HST imaging is diffraction limited at < 0 ′′ .1. Thus, these two systematic limitations artificially truncate the tails of the velocity dispersion and size distributions of the hCOSMOS and SDSS samples, respectively.
Here we consider these effects and take them into account.
Data Selection
The redshift range of the SDSS data we use is restricted to z < 0.1. This redshift limit makes the sample large enough that statistical errors do not obscure evolutionary trends. Furthermore, sizes can be accurately estimated for a large fraction of the sample; sizes become less reliable at larger redshifts. We do not apply a minimum redshift cut; 99% of galaxies in the sample have z > 0.024.
The hCOSMOS sample is color-selected to target the quiescent galaxy population efficiently with a color range broad enough to achieve high completeness for the quiescent population down to the limiting magnitude (Damjanov et al. 2015b, Damjanov et al., In Prep) .
The observed-frame colors of galaxies vary with redshift due to redshifting of the SED. At larger redshifts, progressively bluer galaxies satisfy the color selection criteria. Figure 3A and 3B show the g−r and r−i rest-frame colors as a function of redshift for the hCOSMOS sample. The red data points in the figure are galaxies with D n 4000 > 1.5. Based on the D n 4000 distribution, we derive empirical color-cuts which we apply to the hCOS-MOS and SDSS samples. The quiescent galaxy sample has M g − M r > 0.7, M r − M i > 0.3 and D n 4000 > 1.5. We apply these criteria to both samples to select quiescent galaxies consistently.
Not all hCOSMOS spectra are of sufficient quality to yield reliable measurements of velocity dispersion. We select galaxies with velocity dispersions measured at a signal-to-noise (S/N) > 3 and χ 2 reduced < 2. The SDSS spectra are typically higher S/N than the hCOSMOS sample and thus velocity dispersions for the SDSS data are measured down to significantly lower stellar masses.
To consistently compare the two samples, we randomly select a subset of the SDSS data to match the stellar mass distribution of the hCOSMOS sample. The data are matched in 0.05 dex bins of stellar mass. Figure 4 shows a histogram of the stellar mass distribution for the two samples. Because we have randomly selected a subset of galaxies as function of stellar mass, the distribution of the other properties of the sample (e.g., velocity dispersion and size) are subject to shot noise. Throughout the remainder of this work, unless otherwise stated, we take an average SDSS distribution by combining 1000 randomly selected samples. Any statistical errors quoted account for this oversampling and reflect the statistical errors of a single, randomly selected distribution. Figure 5 shows a histogram of the physical properties the two samples. The hCOSMOS and SDSS samples are comprised of 509 8 and 4970 galaxies, respectively. The positions, redshifts along with the FP properties of galaxies in the hCOSMOS sample are given in Table 1 . Figure 5 shows that the velocity dispersion and effective radius distributions of the SDSS and hCOSMOS samples differ. We note that the samples are selected to have the same stellar mass distribution. Thus, differences in the stellar mass density distribution seen in Figure 5D reflect only the differences in the effective radius distribution. We show that the differences in Figure  5B and 5C are not as significant as a direct comparison suggests. Rather, differences in the error distributions and systematic effects contribute significantly to the observed differences in Figure 5 .
Systematics
Figure 5B shows that the velocity dispersion distribution of the SDSS sample is narrower and has a tail at small velocity dispersions. The median velocity dispersion error of the SDSS and hCOSMOS sample is 6 and 30 km s −1 , respectively. Larger errors in the hCOSMOS velocity dispersions artificially broadens the velocity dispersion distribution. To assess the impact of the differences in the error distribution, we add random artificial errors to the SDSS velocity dispersions so that the simulated SDSS error distribution reproduces the hCOSMOS error distribution. For each object in the SDSS sample we calculate a new error, δ new,i , by randomly drawing an error, δ Hecto,i , from the hCOSMOS distribution in bins of velocity dispersion. Binning the errors is required because the velocity dispersion errors are correlated with the measurement. The subscript i denotes that this procedure is done for each galaxy in the SDSS sample independently. We assume δ new,i is independent of the true SDSS error, δ SDSS,i . To reproduce the hCOSMOS error distribution, we add this new error in quadrature and require that it satisfy the relation In short, δ new,i is the randomly generated error which, when added in quadrature to the true SDSS velocity dispersion error, yields a new distribution of SDSS errors that replicates the hCOSMOS velocity dispersion error distribution. We emphasize that the match in the velocity dispersion distributions of the two samples is solely a consequence of matching the error distributions of the velocity dispersion measurements.
We add the artificial error, δ new,i to each SDSS velocity dispersion measurement by randomly drawing from a Gaussian with standard deviation, δ new,i . Figure 6A shows that after the errors are added to the velocity dispersion distribution of the SDSS sample, the two distributions are much more consistent over most of the range in velocity dispersion. Clear differences are present in the two distributions at small velocity dispersion. This systematic effect results from the higher resolution of the SDSS spectrograph. Figure 6A shows the minimum velocity dispersion we can reliably measure for hCOSMOS, set by the Hectospec resolution. We can not account for the limiting resolution of the two spectrographs by adding random errors to the SDSS velocity dispersions.
In this analysis we have assumed that the errors are normally distributed and that velocity dispersions are independent of other physical properties. These assumptions are probably not valid in detail and likely contribute to the lingering differences in the two velocity dispersion distributions.
We perform a similar analysis to assess differences in the effective radius distributions. In this case however, the errors are significantly larger for the SDSS; we add artificial errors to the hCOSMOS size distribution. To derive the artificial errors, we assume that the differences in the effective radii measurements seen in the Figure  1A are due solely to errors in the SDSS measurements. The HST measurements are of significantly higher quality and thus observational uncertainties in these measurements are significantly smaller than the SDSS measurements.
We randomly sample the distribution of the difference in the two measurements and add this difference to the HST measurement. Figure 6B shows that the two effective size distributions are more consistent after we add artificial errors to the HST effective radii. At intermediate sizes the hCOSMOS galaxies are systematically smaller by ∼ 0.05 dex. We attribute this difference to real size evolution in the population. However, we emphasize that this conclusion remains tentative; potentially unaccounted for systematic effects related to the seeing and spectroscopic completeness may also produce similar trends (Taylor et al. 2010; Carollo et al. 2013) . Figure 6B shows the minimum size that can be reliably measured with SDSS photometry at the median redshift of the SDSS data. A tail in the HST size distribution is still present at small radii (8% and 3% of galaxies have radii smaller than 1 kpc for the hCOSMOS and SDSS samples, respectively). The tail likely results from the limiting resolution of the SDSS photometry, a systematic effect which is not accounted for by the procedure of simply adding artificial error.
Our error analysis suggests that galaxies in the SDSS and hCOSMOS samples are in fact drawn from the same velocity dispersion distribution. We emphasize that this agreement would be obscured without the detailed analysis of the error distribution and sample selection. Intermediate size SDSS galaxies are ∼ 0.05 dex larger than hCOSMOS galaxies, an effect we tentatively attribute to size evolution. For the following analysis, errors are added to the velocity dispersions of SDSS galaxies and sizes of hCOSMOS galaxies as described above and objects with log(σ) < 1.9 and log(R e ) < 0 are excluded. However, in Figures 7 and 8 we display the original data.
THE MASS FUNDAMENTAL PLANE
We show the MFP for the two samples in Figure 7 . The data are plotted as a function of the orthogonal r−band MFP fit parameters given in Hyde & Bernardi (2009) . The dashed line is the Hyde & Bernardi (2009) relation. The data scatter off this relation. The solid line denoted by ∆R is a vector indicating how galaxies move on this plot if the radius changes while all other physical properties remain fixed. The size measurements used by Hyde & Bernardi (2009) to derive the FP and MFP are from the SDSS photometric pipeline and are inconsistent with the HST size measurements of S07 (see Figure 1B) . The data points scatter off the Hyde & Bernardi (2009) relation parallel to the ∆R vector suggesting that systematic differences in the size measurements contribute Fig. 7 .-Stellar mass fundamental plane for galaxies at z < 0.6. The black dots are SDSS galaxies and the blue and red points are galaxies in the hCOSMOS sample. The black and red error bars are the median errors for the SDSS and hCOSMOS samples, respectively. For display, we have not added artificial errors to the data and have not applied minimum velocity dispersion and effective radii cuts as described in the text. The dotted line is the Hyde & Bernardi (2009) relation and the dashed line is the projection of the best-fit plane derived from the SDSS data.
to the difference in the two relations. Additionally, selection effects likely contribute to the differences in the two relations.
Compact galaxies are shown by the blue dots in Figure  7 . These galaxies have smaller sizes and larger stellar mass densities. Thus, by definition they populate the lower left region of Figure 7 .
We perform a principal component analysis (PCA) on the MFP data, i.e. σ, R e and Σ * , to find the best-fit plane determined from minimizing orthogonal residuals. PCA is a non-parametric method which finds the set of orthogonal vectors which best account for variance in multivariate data (Shlens 2014) . The first component accounts for the maximum amount of variance in the data and each successive component accounts for the maximum amount of remaining variance under the condition that all components are orthogonal. The first two principal components form a plane that accounts for 94% of the variance in the SDSS and hCOSMOS samples; as expected for three dimensional data distributed in plane. By definition, the third principal component is the vector normal to the plane containing the first two components; a plane can be defined by its normal vector. Thus, the third principal component defines the best-fit MFP determined from minimization of orthogonal residuals. We consider minimization of orthogonal residuals more robust than a parametric model fit because none of the variables can be considered independent and all the data used in defining the MFP carry observational uncertainties.
We normalize the third principal component vector to the effective radius coefficient. The normal vectors defining the MFP for the SDSS and hCOSMOS samples are (−0.955 ± 0.017, 0.486 ± 0.015, −1.000 ± 0.018) and (−1.096 ± 0.069, 0.519 ± 0.051, −1.000 ± 0.063), respectively. A projection of the best-fit plane derived from the SDSS data is shown in Figure 7 . The differences in the parameters are not statistically significant (< 2σ). The errors on the vector components are bootstrapped. These vectors correspond to the equation
where (a, b, c) are the normal vectors given above. The orientation of the best-fit MFP is consistent for the two samples. We calculate the zero-point of the MFP which we define as
Here, denotes the mean of the distribution. The zero-point is covariant with parameters a, b and c. We calculate the zero-point for both samples using the SDSS parameters. The zero-point is 8.118 ± 0.003 and 8.160 ± 0.011 for SDSS and hCOSMOS samples, respectively 9 Thus, the orientation of the best-fit MFP determined from minimizing orthogonal residuals is consistent for the hCOSMOS and SDSS samples and the zero-point significantly (3.5σ) evolves by 0.042 ± 0.011 dex.
DISCUSSION
The FP and MFP have a known dependence on selection effects (Hyde & Bernardi 2009 ). Attempts to measure evolution in the structural and dynamical properties of galaxies thus require careful control of selection bias. A comparison of Figure 5 and 6 demonstrates that systematic effects must also be considered when examining the distribution of galaxy properties. These issues are especially serious when different facilities and methods are used to study galaxies.
We examine the evolution of the MFP by comparing our sample at z < 0.6 to a local "control" sample. We apply the same quiescent galaxy selection criteria to both samples. We match the stellar mass distributions of the two samples by randomly selecting a subset of galaxies from the local parent sample. We account for systematic effects related to the quality of the measurements by adding simulated errors to the data requiring that the subsequent size and velocity dispersion error distributions of the two samples match. We account for major systematic effects by matching the effects across the two samples. After matching the systematic effects across the two samples, the primary difference between the two samples is the redshift distribution of galaxies. Thus, a comparison of the MFP for the two samples, which we derive using a non-parametric principle component analysis, provides a robust measure of the redshift evolution of the MFP. We emphasize that we derive a relative−not an absolute−measurement of the parameters of the MFP and their evolution. In contrast, other works apply analytic corrections to derive an estimate of the absolute parameters of the MFP (e.g., Hyde & Bernardi 2009; Saulder et al. 2013) ; we only measure whether there is relative evolution in these parameters.
We show that the structural and dynamical properties of massive quiescent galaxies at z < 0.6 have no strong dependence on redshift. Bezanson et al. (2013) also find a very mild redshift evolution of the zero-point of the MFP (∼ 0.02 ± 0.01 dex lower at z ∼ 0.6). However, because of their small sample size, Bezanson et al. (2013) have to assume that the orientation of the MFP does not evolve with redshift. Our larger sample size allows measurement of both the orientation and zero-point of the MFP. The orientation of the MFP for massive quiescent galaxies does not evolve significantly with redshift for z < 0.6 (also see Holden et al. 2010 ). We measure a small, but significant evolution in the zero-point (0.04 dex) which may be due to size evolution in the galaxy population though this conclusion remains tentative because of potential systematic effects not accounted for in this study.
A number of studies indicate that the average size of the quiescent galaxy population increases with time (e.g., Daddi et al. 2005) . Various scenarios have been proposed to account for this size increase. Either individual quiescent galaxies grow after they are quenched (e.g., Newman et al. 2012) , or galaxies that become quiescent at later times are larger(i.e. progenitor bias), thus increasing the average size of the population as a function of time (e.g., Carollo et al. 2013) ; both processes may be relevant. In the case of individual quiescent galaxy growth, potential mechanisms include major mergers, minor mergers and accretion (e.g., Naab et al. 2009 ) or adiabatic expansion driven by feedback (Fan et al. 2008) . Simulations suggest that minor mergers do not significantly change the stellar velocity dispersion, whereas major mergers and adiabatic driven expansion substantially increase and decrease the stellar velocity dispersion, respectively (Hopkins et al. 2010) . Our results can not discriminate between growth of individual quiescent galaxies or progenitor bias as the basis for the increase in the average size of the quiescent galaxy population with time. However, our results do indicate a small amount of size growth with no change in the velocity dispersion distribution at z < 0.6. Thus, if individual galaxies do grow with time, the galaxy size evolution we measure is most consistent with a minor merger driven growth scenario.
Our data indicate that the average growth in the quiescent galaxy population is 0.1 dex. Our estimates serve as an upper limit owing to potentially unaccounted for systematic uncertainties. van der Wel et al. (2014) measure the growth of quiescent galaxies at z < 3 using deep HST imaging. Based on their preferred model fit to the data, we calculate an average growth of 0.08 dex for quiescent galaxies between the z ∼ 0.35 and z ∼ 0.07 (the median redshifts of the hCOSMSO and SDSS samples, respectively). Thus, our conclusions regarding the growth of quiescent galaxies are consistent with the size evolution reported by van der Wel et al. (2014) .
Offsets from the FP correlate with galaxy properties and redshift (e.g., Treu et al. 2005; van Dokkum & van der Marel 2007; Holden et al. 2010; Bezanson et al. 2013; van de Sande et al. 2014, Z15) . These offsets are typically attributed to variations in the M/L ratios of galaxies. To explore this issue, we compare the Z15 sample with the samples used in this study. Z15 examine the FP of intermediate redshift quiescent galaxies. Figure 8 shows that the Z15 data are offset from the data examined in this study. The Z15 sample are z > 0.2 galaxies observed as part of the SDSS. Because of selection effects present in a magnitude limited survey like the SDSS, the Z15 sample is strongly biased towards bright, high surface brightness galaxies; the Z15 sample represent the tail of the luminosity and surface brightness distribution of galaxies at the redshifts probed by the sample. Because of selection effects, we expect galaxies in the Z15 sample to have lower M/L ratios as compared to similar galaxies in the hCOSMOS and SDSS samples we examine in this study. Thus, we expect that the FP offsets should be significantly larger than offsets from the MFP. The smaller MFP offsets are consistent with the fact that stellar mass estimates, in principle, account for variations in the M/L ratio.
Despite accounting for the M/L ratio, the Z15 data are offset from the MFP. The zero-point of the MFP (d in Equation 6) measured from the Z15 data is 8.36 ± 0.02. This is significantly different from the zero-point determined from the data in this study. Several systematic effects could contribute to the offset. The stellar masses and velocity dispersions of the Z15 sample are calculated using different techniques and it is beyond the scope of this paper to perform a detailed comparison. Furthermore, objects in the Z15 sample are extreme because selection is strongly biased towards the highest surface brightness objects; the hCOSMOS and SDSS samples in this study are not subject to such a strong selection bias.
The comparison of the Z15 sample with the hCOS-MOS and SDSS samples highlights the impact of selection and systematic effects. Based on Figure 8 , we conclude that M/L ratio variations account for much of the offset between the Z15 FP and the SDSS and hCOSMOS sample. However, the residual offsets observed in Figure  8B highlight the necessity for strict control of selection effects and systematics related to measurement procedures. Figure 8 indeed shows how a lack of control of these effects could lead to spurious trends with redshift.
Real variations in the M/L ratio contribute to the scatter in the FP (e.g., Z15). In this context, the smaller scatter in the FP as compared to the MFP in Figure 8 may be unexpected. The RMS orthogonal scatter in the FP and MFP for the SDSS sample is 0.14 and 0.17 dex, respectively; for the hCOSMOS sample it is 0.21 and 0.24 dex, respectively. By comparing stellar masses with absolute magnitudes, we empirically determine that the scatter in the r-band M/L ratio is 0.10 dex for both samples used in this study. This additional scatter of 0.10 dex added in quadrature to the scatter in the FP accounts for the 0.03 dex greater scatter in the MFP. The SDSS and hCOSMOS sample of galaxies are red-selected with D n 4000 > 1.5. The M/L ratio is nearly constant for these objects (e.g., Geller et al. 2014) . Thus, the larger scatter in the MFP as compared to the FP suggests that measurement uncertainties associated with the stellar mass determination are greater than real variations in the M/L ratio and uncertainties in the k−correction for galaxies in the two samples. Because of the very red selection, no redshift evolution correction to the luminosity is necessary for galaxies in the redshift range probed in this study. Thus, samples selected according to the approach outlined here may prove useful for investigating evolution of the stellar mass in relation to the dynamical mass since uncertainties related to M/L ratio are small and luminosities can be taken as direct proxies for stellar mass.
It appears that compact galaxies are not a special class of objects. Z15 show that passive evolution alone brings the massive compact quiescent galaxies observed in SDSS at intermediate redshifts onto the local FP relation. Thus, Z15 conclude that massive compact galaxies are the high mass, high surface brightness tail of the normal galaxy distribution. Figures 7 and 8 support this conclusion. Both the MFP and FP of compact quiescent galaxies out to z ∼ 0.6 are consistent with the local relation. This conclusion regarding the nature of compact galaxies is also supported by recent analysis of the environments of compact galaxies (Damjanov et al. 2015b) . Compact quiescent galaxies inhabit the same environments as similarly massive quiescent galaxies. Recent cosmological hydrodynamical simulations (Wellons et al. 2015) and dynamical studies of intermediate redshift compact galaxies (Saulder et al. 2015 ) also suggest that compact galaxies are not a special class of objects.
Z15 show that any size growth in the compact quiescent galaxy population requires that they remain on the FP as they evolve, i.e. they do not deviate strongly from virial equilibrium. We confirm this constraint with our larger sample of galaxies at z < 0.6. After con-trolling for selection and systematic effects, we find that massive quiescent galaxies in the hCOSMOS sample are slightly smaller compared with similar galaxies in the local universe (Figure 6 ). Moreover, the fraction of very small galaxies in the hCOSMOS sample is larger than the SDSS sample. The observed difference serves as an upper limit for the amount of size growth in the compact galaxy population. For the redshifts probed by this study we estimate that compact quiescent galaxies may grow by 0.1 dex. However, the number density of compact quiescent galaxies remains nearly constant at z < 1 (Carollo et al. 2013; Damjanov et al. 2015a) ; thus any significant growth in the quiescent compact galaxy population must be balanced by the production of new compact galaxies at z < 0.6.
SUMMARY AND CONCLUSIONS
We examine the stellar mass fundamental plane for massive quiescent galaxies at z < 0.6 and compare the result to the local stellar mass fundamental plane from SDSS. We examine the relation between stellar mass density, velocity dispersion and size using a principle component analysis. The orientation of the stellar mass fundamental plane is independent of redshift and the zeropoint evolves by −0.042 ± 0.011 dex. We tentatively attribute the zero-point evolution to size evolution of the population. However, this small evolution may be due to unaccounted for systematic effects. If the observed average size growth is due to growth of individual quiescent galaxies, our data is most consistent with minor merger driven growth scenario. Our analysis demonstrates that both systematic and selection effects must be accounted for when examining the structural and dynamical properties of galaxies and the evolution of these properties with redshift.
The mass-to-light ratios of quiescent galaxies are nearly constant. Thus luminosities of quiescent galaxies selected on the basis of their photometric and spectroscopic properties can be taken as a proxy for stellar mass without invoking uncertainties associated with stellar mass determinations. Thus, the luminosities of the quiescent population of galaxies (if carefully selected) provide additional constraints for examining the redshift evolution of baryonic versus dynamical mass within galaxies.
We identify compact galaxies in our sample and show that their dynamical and structural properties are consistent with being drawn from the same distribution as the non-compact quiescent galaxy population. Thus, either compact galaxies do not undergo significant growth in size or if they do, they are replaced by newly formed compact quiescent galaxies. We confirm previous results suggesting that compact galaxies are not a special class of objects but the tail of the size and mass distribution of the normal quiescent galaxy population. Note. -A machine readable table is available upon request from HJZ. The corrections described in Section 2 are applied to the data.
